We present a technique for standoff trace chemical sensing that is based on the dependence of excited electronic state lifetimes on the amount of internal vibrational energy. The feasibility of the technique is demonstrated using N,N-dimethylisopropylamine (DMIPA). Time-resolved measurements show that the lifetime of the S 1 state in DMIPA exponentially decreases with the amount of vibrational energy. This property is employed to acquire molecular spectral signatures. Two laser pulses are used: one ionizes the molecule through the S 1 state; the other alters the S 1 state lifetime by depositing energy into vibrations. Reduction of the S 1 state lifetime decreases ionization efficiency that is observed by probing the laser-induced plasma with microwave radiation. -6]. Two-color multiphoton ionization is probably the most common implementation of double-resonance spectroscopy [3, 4] . As the laser wavelength is tuned through resonances associated with multiphoton ionization, the ionization efficiency strongly peaks at the resonance conditions. Other ionization schemes (usually referred to as ion-dip spectroscopies) utilize the competition between two processes, revealing dips in the ionization efficiency at resonance conditions. For example, ion-dip Raman spectroscopy is based on the competition between multiphoton ionization and stimulated Raman scattering [ Fig. 1(a) ] [7] . The molecules are ionized by ν 1 photons, while ν 2 photons stimulate a Raman transition to a vibrationally excited state in the ground electronic state. When the ν 2 photon energy is at resonance with the Raman transition E ν hν 1 − ν 2 , stimulated emission occurs and is observed by a dip in the ion signal. Similarly, stimulated emission ion dip spectroscopy, which is also known as stimulated emission pumping, utilizes the competition between ionization and stimulated emission [ Fig. 1(b) ] [8-10].
Double resonance spectroscopy is a powerful tool with many applications ranging from ultrafast pump-probe experiments [1] to standoff trace chemical sensing [2] and the detection of nuclear isotopes [3] . The technique has been implemented in the UV, visible, IR, and microwave spectral regions for probing electronic, vibrational, and rotational transitions [1] [2] [3] [4] [5] [6] . Two-color multiphoton ionization is probably the most common implementation of double-resonance spectroscopy [3, 4] . As the laser wavelength is tuned through resonances associated with multiphoton ionization, the ionization efficiency strongly peaks at the resonance conditions. Other ionization schemes (usually referred to as ion-dip spectroscopies) utilize the competition between two processes, revealing dips in the ionization efficiency at resonance conditions. For example, ion-dip Raman spectroscopy is based on the competition between multiphoton ionization and stimulated Raman scattering [ Fig. 1(a) ] [7] . The molecules are ionized by ν 1 photons, while ν 2 photons stimulate a Raman transition to a vibrationally excited state in the ground electronic state. When the ν 2 photon energy is at resonance with the Raman transition E ν hν 1 − ν 2 , stimulated emission occurs and is observed by a dip in the ion signal. Similarly, stimulated emission ion dip spectroscopy, which is also known as stimulated emission pumping, utilizes the competition between ionization and stimulated emission [ Fig. 1(b) ] [8] [9] [10] .
We present here an ion-dip ionization scheme that is not based on the competition between different processes but instead relies on a manipulation of the lifetimes of the excited electronic states. Electronic state lifetimes are largely determined by the strength of vibronic coupling and thus are strongly dependent on the amount of vibrational energy available to the molecule [11] [12] [13] [14] . Even small amounts of energy (∼0.5 eV) deposited into vibrations may cause a reduction of the lifetime of the excited electronic state by an order of magnitude [11] , causing a corresponding dip in ionization or fluorescence efficiency.
The feasibility of the approach is demonstrated by probing transitions between the 3s Rydberg state (S 1 state) and higher lying Rydberg states in N,N-dimethylisopropylamine (DMIPA). We note, however, that the technique can be utilized for probing any vibrational or electronic transitions as long as those transitions deposit energy into vibrational degrees of freedom. The present choice of Rydberg-Rydberg transitions was determined by the fact that those transitions reveal highly resolved and characteristic spectra, a phenomenon that was employed to develop Rydberg Fingerprint Spectroscopy [15] [16] [17] [18] . Furthermore, since the complexity of the Rydberg spectra does not scale with molecular size, Rydberg spectra are well suited for probing large organic molecules [16, 19] .
In the present Letter, we demonstrate first that the lifetime of the S 1 state in DMIPA decreases approximately exponentially with the amount of vibrational energy available to the molecule. Second, we demonstrate that the strong dependence of the S 1 state lifetime on the amount of energy deposited into the molecule can be utilized for remotely acquiring Rydberg spectra. The experimental setup for measuring the lifetimes of the S 1 state in DMIPA as a function of vibrational energy consists of a mass and photoelectron spectrometer coupled with a laser system and has been described in detail elsewhere [20, 21] . The laser system includes an OPA (Coherent, OperA Solo) pumped by a regenerative amplifier (Coherent, Legend Elite Duo-USP, 12 W, 800 nm, 5 kHz). The output of the regenerative amplifier is split into two beams: one is used to pump a femtosecond OPA with wavelength extension option; the other is upconverted to generate 400 nm pulses. The OPA output is combined with the 400 nm beam and focused onto the molecular beam, which is formed by co-expanding DMIPA with helium as a carrier gas through a nozzle and a skimmer. To minimize the above threshold, offresonance ionization processes, and saturation effects, the intensity of the laser beam is kept low (∼10 10 W∕cm). A linear delay stage is utilized to introduce a time delay between pulses.
We recorded the ionization efficiency for several values of pump photon wavelengths (240, 227, 220, 216, 202, and 195 nm). Depending on its wavelength, the pump photon can populate the 3s Rydberg (S 1 ) state as well as higher lying Rydberg states (3p, 3d, 4s). Relaxation dynamics in Rydberg states of DMIPA have been well studied [22, 23] . It is established that higher lying Rydberg states decay quickly (within 100s of fs) to the 3s Rydberg state, depositing energy into vibrational motion. About 2 ps after the photo-excitation only the 3s Rydberg state is populated [22, 23] . By measuring the ionization efficiency (by recording the mass spectrum) as a function of time delay between the pump and probe pulses, the lifetimes of the 3s state is determined [ Fig. 2(a) ].
Based on the adiabatic ionization potential of 7.3 eV [24] and the 3s Rydberg electron binding energy of 2.88 eV [22, 23] we estimate that excitation with 240 nm laser pulses deposits ∼0.75 eV into vibrational motions. At that pump energy, no decay of the 3s Rydberg state is observed on the time scale of our experiment (800 ps). A slow decay of the 3s state with a time constant of 660 (150) [25] ps is observed for a pump photon wavelength of 227 nm, which corresponds to ∼1.05 eV of energy deposited into vibrational degrees of freedom. Pump photon wavelengths of 220, 216, 202, and 195 nm, corresponding to a deposition of 1.22, 1.33, 1.72, and 1.95 eV into vibrational motion, respectively, result in lifetimes of the S 1 state of 240 (40), 207 (7.7), 39.5 (0.7), and 23.5 (1.0) ps. In our previous publication, we demonstrated that photo-excitation of DMIPA with 208.5 nm photons, which corresponds to 1.53 eV of vibrational energy in the 3s state results in the 3s state lifetime of 87.9 (3.4) ps [23] . 
where E vib is the amount of vibrational energy in eV and τ is given in picoseconds.
Having demonstrated the strong dependence of the S 1 lifetime on the amount of vibrational energy available to the molecule, we utilize this fact to remotely acquire DMIPA Rydberg spectra. Our experimental setup consists of an Nd:YAG pumped OPO (Opotek, Opolette HE 355LD, 20 Hz, 5 ns) coupled with a microwave homodyne transceiver detection system (Fig. 3) [19] . Residual Nd:YAG harmonics are upconverted to produce ∼0.4 mJ 266 nm pulses [ Fig. 3(a) ] that are combined with an OPO output and directed into a cylindrical cell containing a droplet of DMIPA, which has a vapor pressure of 104 Torr at 20°C [27] . The laser power densities were estimated as ∼10 6 W∕cm 2 for the 266 nm pulse and ∼10 7 W∕cm 2 for the VIS/IR pulse (the laser beams were not focused). The 266 nm pulses ionize the molecules through the long-lived S 1 state via a two-photon process, while the OPO output is used to alter the lifetime of the S 1 (3s) state by promoting electrons from the 3s state to higher lying Rydberg states followed by internal conversion back to the 3s state [ Fig. 3(b) ].
Photoionization detection utilizes microwave scattering from the laser-induced plasma [28] [29] [30] . This plasma is transparent to microwave radiation. Electrons generated by photoionization oscillate in phase with microwaves thus causing their scattering [29] . Unlike conventional techniques for photo-ionization detection such as mass and photo-electron spectrometry, which require high-vacuum, microwave scattering allows for detection of ionization in atmospheric environments remotely. The sensitivity of the technique reaches a few ppb (parts per billion) and detection ranges of several meters are possible [31] .
The microwave homodyne detection system is shown in Fig. 3(c) . The output of an 11 GHz 20 dBm microwave source is divided into two parts [ Fig. 3(c) ]. One part is directed toward the laser-induced plasma using a microwave horn. The other part is used for the homodyne mixer. Scattered microwaves are collected by the horn and separated from the transmitted microwaves by a circulator. The signal is amplified and mixed with the source. Signals at the difference frequency are amplified again and recorded by a digitizer. The microwave horn is placed at a distance of a few cm from the laser beam. To enhance the lifetime of the laser-induced plasma and to eliminate the environmental effects on the lifetime of the exited electronic states, the cell containing DMIPA was evacuated. We note, however, that the technique is applicable for detection of photoionization in air [19] . The position of Rydberg peaks in vacuum and in air are the same. Yet the ratio of the peak intensities is affected by the environment.
The intensity of the microwave scattering signal was measured for each OPO wavelength in the range from 440 to 710 nm with a step of 1 nm and in the range from 710 to 2400 nm and with a step of 4 nm. The integration at each wavelength was performed for 5 s. The average of four scans is shown in Fig. 4 . The spectrum shows a series of sharp negative peaks, which can be assigned to Rydberg states with energies
where Ry is the Rydberg constant (13.6 eV), E b 3s is the binding energy of the 3s Rydberg state, and δ l;m is the quantum defect, which depends on the angular l and magnetic m quantum numbers.
The most intense Rydberg peaks are assigned to the 3p Rydberg states, while smaller peaks can be attributed to spectroscopically weak transitions between the 3s state and ns and nd states. For n 3 all three 3p Rydberg states centered at 2038 nm (0.608 eV), 1958 nm (0.633 eV), and 1690 nm (0.734 eV) are resolved. Those numbers agree reasonably well with data provided in [23] from which we estimate the binding energy difference between 3s and 3p states to be 0.61 eV. In [23] a broadband, femtosecond pulsed laser was used to probe the Rydberg states in DMIPA, which did not allow for resolving individual 3p states. It is also possible that lower Rydberg states (0.608 and 0.633 eV) were predominantly populated in that experiment. For n 4 and 5 two 4p (698 nm, 682 nm) and 5p (556 nm, 552 nm) Rydberg peaks are resolved. For n 6, 7, 8 only one 6p, 7p, and 8p Rydberg peak is resolved (503, 478, and 464 nm, respectively). By fitting the positions of the Rydberg peaks with Eq. (2) we estimate that the quantum defects for the p states are ∼0.5 while the 3s Rydberg electron binding energy is ∼2.92 eV. Reference [23] lists 2.88 eV for the binding energy of the 3s Rydberg state.
Initial excitation with 266 nm photons deposits 0.25 eV of energy into vibrational motions. Promotion of an electron to the 3p state, followed by internal conversion back to the 3s Rydberg state, deposits an additional 0.61-0.73 eV. According to Eq. (1), the estimated lifetime of the 3s Rydberg state is in the range of ∼1.5-2.3 ns, which is less than the duration of the laser pulse. Therefore, the absorption of a single IR photon may cause a dip in the ionization efficiency at the resonance frequency. Given the short lifetime of the 3p states (∼700 fs [23] ) compared to the laser pulse duration (5 ns), we expect that multiple cycles of IR photon absorption and internal conversion may happen within the laser-pulse duration. Absorption of multiple photons explains the large dip in the microwave scattering signal at the resonance conditions (∼60%). When probing higher lying Rydberg states (n ≥ 4), a single VIS photon absorption followed by internal conversion will reduce the 3s state lifetime to 20 ps or less.
Intriguingly, even though photo-excitation from 3s to 3p deposits the smallest amount of energy into vibrations, the largest dips in ionization efficiency are found for 3p Rydberg states. We attribute this effect to the fact that transitions between 3s and 3p have stronger transition moments than those between 3s and higher lying Rydberg states.
As the photon energy approaches the 3s electronbinding energies, the ionization efficiency increases very rapidly. We attribute this to one photon excitation to high-lying Rydberg states followed by auto-ionization. The fast increase in ionization efficiency starts at ∼462 nm. We can estimate DMIPA adiabatic ionization potential as 7.35 eV, which is in good agreement with [24] , which lists adiabatic ionization potential as 7.3 eV.
In summary, we demonstrated that the lifetime of the S 1 state in DMIPA decreases exponentially with the amount of vibrational energy available to the molecule. This effect can be used to acquire molecular spectra by depositing energy into vibrational modes through optical excitation to higher Rydberg states followed by internal conversion back to the S 1 state. This spectroscopic approach has several unique features: first, while multiphoton ionization usually requires laser power densities on the order of 10 10 -10 12 W∕cm 2 , Rydberg ion dip spectra can be acquired at laser power densities of ∼10 7 W∕cm 2 or less. Indeed, ionization is performed via a two-photon process through a long-lived electronic state, and the transitions between molecular Rydberg states have high cross sections and extremely narrow Frank-Condon envelopes. Second, the technique can be applied to probe any vibrational or electronic transition as long as the transition results in deposition of energy into vibrational degrees of freedom. We note that a reduction of photoionization or fluorescence intensity following excitation of the molecule to higher lying electronic and vibrational states has previously been observed [19, 32] , although the origin of this phenomenon has not been thoroughly studied.
The sensitivity and selectivity of the technique could be further enhanced by utilizing ultrashort laser pulses and introducing a variable time delay between them. We further note that reduction of the lifetime of the excited electronic states should also be reflected in the intensity of fluorescence signals, thus offering an opportunity for a 2D standoff trace chemical sensing. Such a 2D approach may greatly enhance the reliability of laser-induced fluorescence in identifying substances.
